Summary.-The effect of exogenous and endogenous prostaglandins on the patterns of growth and differentiation of Friend erythroleukaemia cells (FLC) were studied. During the differentiation process, DMSO stimulated PGE synthesis by an average of 95o%. The addition of a long-acting synthetic analogue of PGE2, 16,16-dimethyl-PGE2-methyl ester (di-M-PGE2) to the culture medium only slightly and temporarily slowed cell growth, with no appreciable induction of differentiation. However, in the presence of DMSO, the same concentration of di-M-PGE2 produced 73 0 inhibition of cell growth and accelerated and potently stimulated haemoglobin production. The action of both di-M-PGE2 and DMSO on cell proliferation was dependent upon the state of cell growth at the time of the administration of these compounds. FLC cultures treated with DMSO+di-M-PGE2 produced considerable amounts of haemoglobin before even one duplication cycle was completed. Both DMSO and di-M-PGE2 stimulated endogenous PGE biosynthesis, and the biosynthetic effect of these compounds was synergistic.
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Inhibition of endogenous prostaglandin synthesis by indomethacin completely abolished the effects produced by DMSO+di-M-PGE2 on the growth, and substantially reduced the stimulated differentiation of FLC. These data suggest that an endogenously synthesized prostaglandin plays a significant role in both the inhibition of replication and in the stimulation of differentiation induced by DMSO and di-M-PGE2 in Friend erythroleukaemia cells.
MURINE ERYTHROLEUKAEMIA CELLS infected with Friend virus (FLC) differentiate in vitro from a proerythroblast-like to a normoblast-like stage when treated with dimethylsulphoxide (DMSO) or other inducers Reuben et al., 1976; Ebert et al., 1976; Dabney & Beaudet, 1976 ; Ross & Sautner, 1976) . When induced to differentiate, FLC produce haemoglobin ) the electrophoretic pattern of which is similar to that of haemolysates of adult DBA/2j mice , the strain from which the cells originated. Haemoglobin production is accompanied by morphological changes , the appearance of erythrocyte membrane antigen (Ikawa et al., 1973) , an increase in iron uptake and haem synthesis and accumulation of mRNA for globin synthesis (Ross et al., 1972; Ross et al., 1974) . It has been suggested that DMSO may act either directly on the genome of the cell (Ross et al., 1972; Terada et al., 1977; Darzynkiewicz et al., 1976; Stratling, 1976; Terada et al., 1978; Scher & Friend, 1978) or indirectly through an alteration in the cell membrane Bernstein et al., 1976) but the mechanism of action of DMSO on FIC is still unknown.
Prostaglandins of the E series have been shown to inhibit the growth of a number of tumour cell lines in vitro, including plasmacytoma (Naseem & Hollander, 1973) , L-5178-Y-R mouse leukaemia (Yang & Vas, 1971; Yang et al., 1976) , HeLa, Hep-2, HT-29 (Adolphe et al., 1973; Hamprecht et al., 1973; Thomas et al., 1974) and B16 melanoma (Santoro, Philpott & Jaffe, 1976; Santoro et al., 1977a Santoro et al., , 1977b . PGEs have also been shown to induce differentiation in mouse fibroblasts (Johnson & Pastan, 1971 ) and neuroblastoma cells (Prasad, 1972a (Prasad, , 1972b as well as Friend leukaemia when used at very high concentrations (Tabuse et al., 1977) . The neuroblastoma cells have recently been shown to differentiate in the presence of DMSO (Kimhi et al., 1976) .
The purpose of the current study was to evaluate the effect of exogenous and endogenous prostaglandins on the pattern of growth and differentiation of Friend erythroleukaemia cells in vitro. PGE assay.-PGE concentrations in media and supernatants were measured by radioimmunoassay after organic solvent extraction and silicic acid chromatography as described previously . Despite their intracellular action, immediately after they are synthesized prostaglandins are extruded from cells. Consequently, less than 10% of synthesized PGE is contained in the cells (Hamprecht et al., 1973) and medium concentrations were measured as a way of quantifying the amounts of prostaglandin synthesized by cells. All prostaglandin determinations were corrected for appropriate medium blanks. The assay is quite specific; none of the compounds added to media, including di-M-PGE2, cross-reacted with the anti-PGE antibody used.
Furthermore, PGF compounds, prostaglandin precursors and metabolites, thromboxane B2, and 6-keto-PGFla (the inactive metabolite of prostacyclin) do not interfere with radioimmunoassay measurements of PGE.
Benzidine staining.-The cells (100 ,ul of cell cultures), prediluted to a concentration of 2 x 105 cells/ml, were stained by the addition of 50 ,ul of a solution containing 0.2% benzidine dihydrochloride, 0.75% hydrogen peroxide and 3% acetic acid (Orkin et al., 1975 ) and benzidine-positive cells were counted by haemocytometer.
Haemoglobin determination.-Samples of cells (2 x106) were washed twice in sterile 0-9% NaCl and the pellets frozen at -70°C.
Cells were lysed by repeated freeze-thawings (3 x ). Haemoglobin was measured from cell lysates using the technique of Crosby & Furth (1956) .
Statistics.-Statistical comparisons were performed using a t test for unpaired data; P values less than 0 05 were considered significant.
RESULTS

Effects of di-M-PGE2 and DMSO on proliferation rates
The effect of DMSO (1.5%) and DMSO DMSO contained 94% benzidine+ cells after 96 h. Fig. 3A illustrates the haemoglobin production by control and treated cells during 5 days of growth in vitro; each datum point is the mean of 2 or more experiments. Only small amounts of haemoglobin were detected in both control and di-M-PGE2 (1 ,ug/ml) treated cells. DMSO-treated cells produced haemoglobin after 2 days of growth, and only after completing two replication cycles (Fig.   18   3B ). Cells treated with DMSO+di-M-PGE2 produced significantly more haemoglobin during the entire experiment than cells treated with DMSO alone (Fig. 3A) . Most importantly, after treatment with DMSO+di-M-PGE2, haemoglobin production was initiated before the cells completed even one replication cycle (Fig. 3B) .
To determine whether di-M-PGE2 treatment irreversibly altered the cells, cells grown for 5 days in medium containing DMSO and DMSO+di-M-PGE2, and control media, were washed, transferred to control media and routinely plated every 96 or 120 h in fresh medium for a total of 28 duplication cycles. The haemoglobin content of cells was measured at 4-5-day intervals. As soon as DMSO and di-M-PGE2 were removed from the test media, cell haemoglobin concentrations started to decrease; in both groups of cells, haemoglobin levels reached control values after 14 duplication cycles (Fig. 4) (Thomas et al., 1974) . In order to verify the effectiveness of this drug in inhibiting PGE biosynthesis by FLC, duplicate cultures were each seeded with DMSO (1-5%)+di-M-PGE2 (1 ,ug/ml), DMSO +indomethacin (10-8M), and DMSO +di-M-PGE2+indomethacin. The indomethacin, di-M-PGE2, and DMSO were added to the media 15 min before cell seeding and maintained for the duration of the experiment. PGE concentrations in the DMSO-containing media were determined at 48 and 96 h. At 48 and 96 h (DMSO+di-M-PGE2)-treated cultures contained 1447±323'0 and 286±62.9 pg/ 106 cells respectively. In the presence of DMSO, indomethacin produced a 97-1% inhibition of PGE biosynthesis at 48 h; comparable data 96 h were 89.8% inhibition. Addition of di-M-PGE2 to the DMSO-and indomethacin-containing media did not significantly influence endogenous PGE biosynthesis; at 48 and 96 h, indomethacin caused 93.5% and 78.6% inhibition of PGE biosynthesis respectively.
As shown in Fig. 5A , the inhibition of PGE biosynthesis by indomethacin was responsible for observed changes in the rates of cell proliferation. As described above, DMSO+di-M-PGE2 significantly suppressed replication of FLC from restingcell cultures. In contrast, addition of indomethacin to (di-M-PGE2+DMSO)-containing FLC cultures virtually abolished this inhibitory effect. Since the growth curves of cells cultured in the presence of DMSO+indomethacin were virtually identical to those grown in media containing DMSO +[indomethacin+di-M-PGE2, the data suggests that endogenously synthesized prostaglandins (presumably in response to DMSO and di-M-PGE2) are responsible for the inhibitory action on cell replication.
Similar observations were made for differentiation. As described above, in these experiments, treatment of FLC with DMSO+di-M-PGE2 induced the production of large amounts of haemoglobin (6-85±0'30 ,ug/106 cells at 120 h). Addition of indomethacin to (DMSO+di-M-PGE2)-containing media caused both delay in the initiation of differentiation (Fig.  5B ) and significant inhibition of haemoglobin production; at 120 h cell haemoglobin concentrations averaged 4*35± alter chromatin structure as early as 10 h using propidium iodide binding (Terada et al., 1977) and after 6 days, by staining DNA with acridine orange (Darzynkiewicz et al., 1976) . The work of Ross et al. (1974) and Stratling (1976) suggested that DMSO activated transcription of globin genes. On the other hand, a number of studies have suggested that the primary action of DMSO is the production of changes in the cell membrane , which has recently been implicated in the differentiation process (Bernstein et al., 1976) . This latter hypothesis does not explain how the action of the membrane is reflected at the transcriptional level.
Our data demonstrate that the addition of DMSO to the media of FLC cultures stimulates PGE synthesis during differentiation. Thus, these data suggest that PGE may be one of the messengers in the differentiation process. This hypothesis was substantiated by a number of the studies performed. Addition of di-M-PGE2 to DMSO-containing media stimulated haemoglobin production. Since the number of benzidine+ cells was not significantly different from those treated with DMSO, di-M-PGE2 did not alter the number of cells committed to differentiation, but stimulated haemoglobin synthesis in these cells. It is critical to point out that in the presence of this prostaglandin analogue differentiation occurred before the cells completed even one replication cycle. Thus, in the presence of di-M-PGE2, it is not necessary for the cells to undergo two complete replication cycles before starting to produce haemoglobin, as previously hypothesized (McClintock & Papaconstantinou, 1974; Gusella et al., 1976) . It is interesting to point out that Tabuse et al. (1977) have recently shown that PGE1 at 30-fold higher concentrations induced differentiation in the same clone of Friend leukaemia cells.
Finally, inclusion of indomethacin to media containing DMSO+di-M-PGE2 inhibited the stimulated differentiation. Since this inhibition was similar in cultures which included di-M-PGE2 to those that did not, the data strongly suggest that an endogenously synthesized prostaglandin or prostaglandin-like compound was involved in mediating the stimulation of the differentiating effect of DMSO. In recent experiments we have noticed that hydrocortisone, another inhibitor of prostaglandin synthesis (Santoro et al., 1976; Hong & Levine, 1976; Hammarstrojm et at., 1977) completely suppresses FLC differentiation induced by DMSO; however, it appears that this effect is not mediated by a prostaglandin (Santoro et al., 1978) .
Since our results demonstrated that PGE production by FLC was enhanced during the differentiation induced by DMSO, that indomethacin, an inhibitor of prostaglandin synthesis, interfered with haemoglobin production, and that in the presence of DMSO the addition of exogenous PGE stimulated and accelerated haemoglobin production while simultaneously inhibiting cell growth, we suggest that prostaglandins of the E series are involved in the stimulation of the differentiation process of Friend erythroleukaemia cells. Further study is necessary to investigate the mechanism of this action.
